The aim of this study was to better understand the molecular epidemiology of Campylobacter coli isolated from multiple sources in Belgium, by studying the genotypic diversity and antimicrobial resistance phenotypes and resistance mechanisms of 59 C. coli isolates. Isolates from broiler carcasses and human cases were genotyped using multilocus sequence typing (MLST), porA typing, flagellin gene A restriction fragment length polymorphism (flaA-RFLP) typing, and by PCR binary typing (P-BIT). Thirty-two MLST sequence types, 24 flaA types, 31 porA alleles, and 29 P-BIT types were identified among the screened isolates. Some types and alleles were shared among strains recovered from both broiler carcasses and diarrhoeal patients.
are needed. Different molecular typing methods that rely on DNA sequence analysis of Campylobacter, from either clinical or environmental settings, have been described for this purpose. These typing methods have been recently used for epidemiological surveillance, outbreak investigations, and source tracking O'Mahony, Buckley, Bolton, Whyte, & Fanning, 2011; Schweitzer et al., 2011) . Standardized curated databases exist that allow investigators worldwide to access and compare the different genotypes recovered using these typing methods. Furthermore, a combination of these DNA sequencing typing methods were recommended to study Campylobacter population structure (Dingle, Colles, Falush, & Maiden, 2005; Nielsen, Fussing, Engberg, Nielsen, & Neimann, 2006) . Multilocus sequence typing (MLST) characterizes sequence polymorphisms in certain regions of seven housekeeping genes in each tested isolate, and has been considered a "gold standard" for Campylobacter typing due to its high discriminatory power.
This typing method has been applied in different epidemiological studies in Europe to investigate C. coli isolated from human clinical samples, multiple animal sources, and water (Kittl, Heckel, Korczak, & Kuhnert, 2013; Litrup, Torpdahl, & Nielsen, 2007; Roux et al., 2013) .
Phylogenetic analysis of C. coli from Scotland using concatenated sequence data obtained by MLST revealed that C. coli could be grouped into three different clades. Environmental water isolates belong to clades 2 and 3, while clade 1 includes all human clinical isolates and is dominated by strains isolated from farm animal sources, thus highlighting the potential role of this clade in the transmission of C. coli from animal sources to humans . flaA typing has also been reported as a useful genotyping method for Campylobacter, with a discriminatory power similar to or even higher than MLST (Meinersmann, Helsel, Fields, & Hiett, 1997) .
Additionally, sequencing of the porA gene (encoding the Campylobacter major outer-membrane protein) has been used by many investigators to determine genetic relatedness within sets of C. jejuni or C. coli isolates, and to investigate epidemiologically linked clinical and environmental Campylobacter isolates (Clark et al., 2012; Cody, Maiden, & Dingle, 2009; Jay-Russell et al., 2013) . Finally, Campylobacter PCR binary typing (P-BIT) is an epidemiological method that types strains via the presence or absence of certain virulence or survivalassociated genes; several studies have demonstrated the high discriminatory power of P-BIT, when compared to MLST (Cornelius et al., 2014; .
Several reports have highlighted emerging antibiotic resistance among different Campylobacter species (Alfredson & Korolik, 2007) , and many studies have demonstrated the transmission of resistant strains to humans through the food chain. Thus, the molecular mechanisms of resistance among Campylobacter species, including resistance to quinolones, tetracycline, and erythromycin, should be investigated further; this research would include both identification of resistance genes and characterization of point mutations in resistance-determining regions. The T86I substitution, resulting from the C257T point mutation in the quinolone resistance determining region (QRDR) of the DNA gyrase gene gyrA, has been reported as the main trigger for quinolone resistance in Campylobacter. The tet (O) gene has been reported to mediate resistance to tetracycline in Campylobacter (Iovine, 2013) . Furthermore, both chromosomal point mutations (in the 23S rRNA genes, the ribosomal protein genes rplD and rplV, and the genes encoding the CmeABC multidrug efflux pump) and the presence of the 23S rRNA methyltransferase gene ermB have also been implicated in erythromycin resistance (Gibreel et al., 2005) .
In this study, different genotypic typing methods, including MLST, flaA typing, porA/MOMP sequence typing, and binary typing, were used to study the genetic diversity of different C. coli isolates recovered from broiler carcasses and human diarrhoeal samples. The discrimination index (DI) of these different methods for typing C. coli was evaluated, and the antimicrobial resistance phenotypes and molecular mechanisms of resistance were investigated.
| MATERIALS AND METHODS

| Isolation and identification of Campylobacter coli
Fifty-nine representative C. coli isolates were randomly picked from the stock collection to be used in this study, including 45 isolates from broiler carcasses and 14 clinical isolates collected between 2011 and 2013. Clinical isolates were recovered from the stools of patients that were admitted mainly with gastroenteritis symptoms to different hospitals in Brussels. Stool samples were cultured on Butzler selective agar (Thermo Fisher Scientific, Belgium). The official Belgian Campylobacter broiler meat monitoring plan involved swabbing broiler carcasses at the end of the slaughter line, just before carcass chilling, for microbiological analysis. Isolation of Campylobacter spp. was performed following the ISO 10272-2 enrichment method (ISO 10272:2006) , implemented for the isolation and enumeration of Campylobacter species from food products intended for human consumption. Frozen bacterial stocks stored at −80°C were sub-cultured onto Columbia agar (Oxoid, UK) amended with 5% horse blood (Sigma-Aldrich, UK). Inoculated plates were incubated at 41.5 ± 1°C under microaerobic conditions (6% O 2 , 7% CO 2 , 7% H 2 , and 80% N 2 ) using the Anoxomat microprocessor-controlled system (Mark II System, The Netherlands).
| DNA preparation
DNA templates from different bacterial isolates were obtained using the DNeasy Blood & Tissue Kit (Qiagen, Germany), following the manufacturer's instructions; DNA was eluted in 100 μl of the elution buffer provided by the kit. DNA concentration and purity were determined using a Nanodrop ND-1000 UV-VIS Spectrophotometer (Nanodrop Technologies). Eluted DNAs were stored at −20°C pending further molecular characterization.
| Typing methods
| MLST
MLST of the seven housekeeping genes comprising the C. jejuni/C. coli MLST scheme (http://pubmlst.org/Campylobacter/) was performed as previously described (Miller et al., 2005) .
| flaA-RFLP
Characterization of flaA types was performed using restriction fragment length polymorphism (flaA-RFLP) analysis, following the protocol of Nachamkin et al. (Nachamkin, Bohachick, & Patton, 1993) ; HpyF3I (Thermo Fisher Scientific) was used to digest the 1.7 kb amplified flaA gene product. Bands resolved after gel electrophoresis were analysed within BioNumerics (version 7.5, Applied Maths, Belgium). Dice similarity coefficients and the UPGMA (unweighted pair group mathematical average) clustering algorithm were used for the pairwise comparisons and cluster analyses. Optimization and position tolerance for band analysis were set at 4%, and a cut-off of 90% was used to detect distinct restriction patterns and assign flaA-RFLP types.
| porA
porA alleles were amplified and sequenced using the primers and amplification/sequencing conditions described on the PubMLST web site (https://pubmlst.org/campylobacter/info/porA_method. shtml). Alleles were assigned by querying the Campylobacter PubMLST web site.
| P-bit
P-BIT binary typing of 18 gene targets, implicated as markers of epidemicity in Campylobacter, was performed using the multiplex PCR (mP-BIT) protocol previously described (Yamada et al., 2015) , and the modified primer sequences, combinations and concentrations, cycling conditions, and amplicon separation from the monoplex method described originally for this typing scheme (Cornelius, Gilpin, Carter, Nicol, & On, 2010) . The 18 target genes were split into two panels of nine. Amplification results were scored as "1" or "0" depending on the presence/absence of the amplicon, respectively.
Within each panel, binary codes were constructed using the order of target genes suggested in the panel, and converted into decimal numbers using the Microsoft Excel internal function "BIN2DEC". The two panels were then combined into a composite P-BIT score using the format "panel 1 score" -"panel two score". The composite scores were represented in the range of 0-0 (000000000-000000000) to 511-511 (111111111-111111111).
| Phenotypic detection of antimicrobial resistance
Antimicrobial resistance (AMR) phenotype determination was performed as previously described 
| Molecular detection of resistance-associated genes
All resistant isolates were screened for different mechanisms of antimicrobial resistance. The mismatch amplification mutation assay (MAMA-PCR) protocol, previously described by Zirnstein et al. (Zirnstein, Li, Swaminathan, & Angulo, 1999) , was used to screen isolates resistant to ciprofloxacin and/or nalidixic acid for mutations in the quinolone resistance determining region (QRDR) of gyrA. In tetracycline-resistant isolates, the presence of tet(O) was determined using the PCR amplification protocol of Gibreel et al. (Gibreel et al., 2004) .
Erythromycin-resistant isolates were screened for an array of resistance determinants. Point mutations in the 23S rRNA gene, including the A2074G and A2075G point mutations, were determined using the mismatch amplification mutation assay (MAMA-PCR) protocol reported by Alonso et al., 2005 . Sequencing of the rplD and rplV genes was used to identify substitutions in the L4 and L22 ribosomal proteins, respectively, as described by Corcoran, Quinn, Cotter, & Fanning, 2006 . Furthermore, the intergenic region between the cmeR and cmeA genes was sequenced to identify substitutions or indels in the cmeABC regulatory region. Finally, the presence of the ermB gene among erythromycin-resistant isolates was determined by PCR analysis, as previously described (Zhou et al., 2016) .
| 465
| DNA sequencing and sequence analysis
Amplicons were purified using the QIAquick PCR Purification kit (Qiagen, Germany). Sequencing reactions were purified using BigDye XTerminator (Life Technologies). All sequencing reactions were performed using the ABI PRISM BigDye terminator cycle sequencing kit 
| Data analysis
Data were introduced into R version 3.4.5 (R-project) (Hornik, 2012) info/) was used to calculate the Simpson's index of diversity (ID) (Hunter & Gaston, 1988) and Wallace coefficients of different typing methods, including single or different combinations of typing methods . The R package heatmap plus (version 1.3) was used to build a dendrogram based on MICs for the antimicrobials tested. The Venn diagram was made using the Venn Diagram tool available at http://bioinformatics.psb.uge nt.be/webtools/Venn.
| RESULTS
| Descriptive analysis, discriminatory power, and concordance of the typing methods
The diversity of STs, porA and flaA types, and P-BIT types are summarized in Table 1 porA alleles were found in multiple strains, with porA-1333 identified in six isolates. Using mP-BIT for isolate sub-typing, a total of 29 P-BIT types were revealed. The most prevalent P-BIT type was 138-148, identified in twelve isolates.
The Simpson's index of diversity was estimated to determine the discriminatory power of these four typing methods, alone or in combination. As illustrated in Table 2 
| Antimicrobial resistance phenotypes
The antimicrobial resistances of the 59 C. coli isolates were determined against seven antibiotics, and the results are presented in Table 5 ). On the other hand, only six isolates (10.2%) were pan-susceptible to all antimicrobials tested. All erythromycin-resistant isolates were resistant to the highest concentration of erythromycin tested (32 mg/L). A distance matrix was calculated, using the minimum inhibitory concentration profiles against the seven tested antibiotics, and used to create a dendrogram that identifies clusters within the C. coli isolates (Figure 1 ). Fifteen different antimicrobial resistance patterns were observed ( Table 5 
| Genotypic characterization of antimicrobial resistance
The association of the different genetic determinants that confer resistance to erythromycin, tetracycline, ciprofloxacin, and nalidixic acid is shown in Figure 3 . Forty-five isolates that were resistant to both ciprofloxacin and nalidixic acid were screened for point muta- (Table 6 ).
Among the erythromycin-resistant isolates, the following amino acid substitutions were found in the 50S ribosomal subunit protein L4:
M192I (5 isolates), P28S (2 isolates), V121A (2 isolates), T177S (one isolate), V176I (one isolate), and V184I (one isolate). Additionally, the following amino acid substitutions were observed in the 50S ribosomal subunit protein L22: T109A (3 isolates), A111E (3 isolates), A114T (3 isolates), A103V (2 isolates), and G74A (one isolate) (Table 6 ). Analysis of cmeR alleles and the cme RAIVS (cmeR-cmeA intervening sequence) region was performed using the cmeRABC locus of the Ery s C. coli type strain (ATCC 33559 T ; GenBank accession number CP007183) as a "wild-type" reference. Two cmeR alleles containing different amino acid substitutions, with respect to wildtype, were identified ( Figure S1A ). Furthermore, one cme RAIVS allele, containing an 8 bp deletion with respect to wild-type was identified ( Figure S1B ). In this study, no significant differences in antimicrobial resistance were observed between different STs.
| DISCUSSION
Campylobacter species are a common cause of human acute bacterial gastroenteritis worldwide (Kaakoush et al., 2015) . Since the majority of Campylobacter-associated illness is caused by C. jejuni, most of the epidemiological investigations performed so far have focused on this species. As a result, fewer data are available for another Campylobacter species of interest, C. coli. Some studies have investigated the epidemiology of both bacterial species after combining them into one group (Siemer, Nielsen, & On, 2005) , and differences in aetiology between the two species were not taken into account in most of these case-control studies (Friedman et al., 2004; Gillespie et al., 2002) . To avoid masking and biasing epidemiological information, there is a recent trend towards conducting epidemiological studies on Campylobacter at the species level (Gillespie et al., 2002) . Different genotypic methods have been previously described for sub- Sequence-based typing methods (e.g., MLST and porA sequence typing) represent an ideal choice for genotyping different bacterial isolates, due to the production of unambiguous data that can be transferred between different laboratories through standardized curated databases (Li, Raoult, & Fournier, 2009) . MLST has been routinely used in studying Campylobacter epidemiology, and has been critical in elucidating the genetic diversity and sources of transmission to humans. In this study, a diverse collection of 32 STs were observed ( Table 1) . Six of these STs were not assigned to any of the current CCs, with the remainder assigned to only one CC (CC-828).
CC-828 was also observed as the only CC among C. coli populations derived from different sources, including chicken in Senegal (Kinana et al., 2007) and clinical samples in Italy . Using whole genome sequencing of C. coli isolates, Sheppard et al., 2013 showed (Dingle et al., 2005; Kittl et al., 2013; Miller et al., 2006; Nohra et al., 2016; Sheppard et al., 2009; Thakur et al., 2006) . These results provide further evidence for the predominance of this particular clonal complex as a major clonal complex implicated in human disease and suggest a lower global diversity of C. coli lineages, as compared to C. jejuni. Strains assigned to STs 825, 832, 872, and 1614 were observed in both poultry and human isolates, suggesting potential transmission of these strains to humans through food consumption. However, it is difficult to propose a different scenario for C. coli strains defined by STs exclusively found in either humans or broiler carcasses, due to the limited number of isolates. Over the past two decades, flagellin gene profiling, using restriction-fragment length polymorphism (flaA-RFLP) analysis, has been used to genotype Campylobacter spp. strains from clinical and non-clinical sources (Meinersmann et al., 1997 ). In the current study, flaA-RFLP typing identified fewer alleles (n = 24; Table 1 ) than sequence types observed with MLST. While MLST alleles are housekeeping genes not subjected to diversifying selection (Dingle et al., 2001) , the flaA locus is associated with Campylobacter virulence. This diversity may be influenced by functional constraints on the flagellar protein or increased selection pressure within the human host (Fitch et al., 2005) . However, it is also possible that the flaA-RFLP typing results, with respect to MLST, may be influenced by the fact that ELHADIDY ET AL. than those observed with other Campylobacter typing methods (Clark et al., 2007; Sahin et al., 2008) . Such enhanced discrimination would be particularly useful in studying C. coli populations, where the intrinsic level of diversity might be lower. The major outer-membrane protein (MOMP) encoded by porA is highly antigenic and immunogenic and is crucial for environmental survival (Clark et al., 2007) . Therefore, variation in amino acid sequence may affect bacterial outer membrane permeability, and consequently host range and the adaptability of bacteria to different niches (Clark et al., 2007) .
Constraints placed upon MOMP with respect to membrane permeability might lower the number of possible porA alleles; however, any role of MOMP as an outer surface antigen could increase the potential porA allele set. The MOMP/porA online database available at the University of Oxford will enhance further research to determine the effect of porA sequence divergence on the evolutionary biology and pathogenicity of C. coli.
P-BIT typing assesses the presence or absence of genes associated with Campylobacter pathogenicity, including virulence and survival genes that are not linked to the Campylobacter core genome (Cornelius et al., 2010) . Although P-BIT was initially designed for C. jejuni sub-typing, Cornelius et al., 2010 proposed extending this method to C. coli, using the same gene targets as the C. jejuni method. Using P-BIT, the 59 isolates in this study were split into 29 P-BIT types (Table 1 ). This method exhibited high discriminatory power (ID = 0.940) for typing C. coli isolates, although the level of discrimination was slightly lower than that observed with porA typing or MLST (ID = 0.969) ( Table 2 ). Nevertheless, P-BIT typing could offer advantages over other sequence-based typing methods, including easier standardization of protocols and sharing of data, and cost efficacy that would enable C. coli sub-typing in laboratories with basic molecular biology equipment (Cornelius et al., 2010) . Combining two typing methods provided a slightly higher level of discrimination over single typing methods ( Table 2) . As the use of more than two methods did not provide additional discriminatory power, using one or two typing methods might provide optimal typing F I G U R E 2 Spearman rank correlation test results, based on the minimum inhibitory concentrations for seven antibiotics [Colour figure can be viewed at wileyonlinelibrary.com] F I G U R E 1 Clustering of Campylobacter coli isolates. The dendrogram on the left was calculated using a distance matrix based on the minimal inhibitory concentrations for seven antibiotics (illustrated in columns 6-12). Hierarchical clustering analysis was performed using the "dist" function with the "binary" method and clustered by "hclust" using Ward's method. Additional strain information is provided in columns 1-5 and includes: source (human or chicken; column 1); predominant P-BIT types (column 2); the two major flaA-RFLP types (column 3); the three major MLST sequence types (STs; column 4); information on multidrug resistance (MDR; column 5). (Table 5 ). Compared to our recent study that identified antimicrobial resistance patterns in C. jejuni strains isolated from broiler carcasses in Belgium , the current study revealed higher rates of resistance in C. (Ge et al., 2003) . Reasons for such differences between the two bacterial species remain unclear, and further research should be implemented to understand the molecular basis of resistance, together with strict surveillance of antibiotics used in food animals and in humans, to control and monitor further emergence of antibiotic-resistant clones.
The sensitivity of all tested isolates to the aminoglycoside gentamicin might be explained by the infrequent use of this antibiotic as a therapeutic agent in Belgium in both humans and broiler production, and suggests the use of gentamicin as an alternative drug for campylobacteriosis, to replace antibiotics to which Campylobacter develop resistance frequently (quinolones and fluoroquinolones) or less readily (erythromycin) in Belgium (Vandenberg et al., 2006) . Consistent with previous observations that reported a significant association between the threonine-to-isoleucine substitution at amino acid position 86 in the QRDR of GyrA in Campylobacter and resistance to quinolones and fluoroquinolones, this study showed that, among C. coli isolates resistant to ciprofloxacin and nalidixic acid, all isolates except one harboured this T86I amino acid substitution. Additional mutations, such as mutations in the gyrB gene or in the efflux pumps, might trigger resistance phenotypes across tested isolates, particularly the isolate that harboured no T86I substitution; future research will be implemented to further identify these mutations and their role in phenotypic resistance to quinolones and fluoroquinolones in C. coli. In this study, the A2075G substitution in the peptidyl transferase region of the 23S rRNA was observed in all erythromycin-resistant isolates displaying a moderate level of resistance (MIC = 32 mg/L), as confirmed by MAMA-PCR. In addition, one isolate harboured an A2074G/ A2075G double mutation. In this study, the presence of ermB in only one isolate is lower than the rate observed in a previous study that characterized strains isolated from diarrhoeal patients and from chicken and swine faeces in China, where ermB was identified in~19%
(30/158) of the erythromycin-resistant C. coli .
Further mechanisms of resistance to erythromycin were investigated in this study, including different substitutions in the 50S ribosomal subunit proteins L4 and L22 and modifications at the cmeRABC efflux pump locus (in cmeR and in the cme RAIVS). In this study, all amino acid substitutions in the L4 and L22 50S ribosomal subunit proteins were found to be located outside of the loop regions of these proteins previously proposed to be implicated in Campylobacter macrolide resistance (Gibreel & Taylor, 2006 ) (residues 55 to 77 for L4 and 78 to 98 for L22), suggesting that these substitutions are less likely to be involved in C. coli macrolide resistance. Analysis of the cmeRABC efflux pump locus revealed different amino acid substitutions in the CmeR repressor. Further research is needed to elucidate the role of these substitutions on erythromycin resistance in C. coli, and how these CmeR alleles bind to the inverted repeat (IR) in the transcriptional control region. All screened isolates also revealed an eight base deletion in the cme RAIVS that might be implicated in decreased transcription of cmeABC.
In conclusion, this study provided epidemiological information about the genetic diversity and antimicrobial resistance of Belgian C.
coli. Implementation of whole-genome analyses using next generation sequencing (NGS) methods on a larger panel of Campylobacter isolates is ongoing. This will provide a more in-depth analysis of the genomic content of strains, and will help in identifying genetic markers related to transmission and human virulence potential. Moreover, such analyses can be used to determine population structure at a finer resolution, determine clonal associations between outbreakrelated strains and enhance the capacity for high-resolution source attribution in Campylobacter.
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